Abstract. Certain strains of Staphylococcus aureus associated with toxic shock syndrome elaborate material that induces human blood monocytes to secrete interleukin-1 (IL-1). IL-I was detected both by its ability to cause fever in rabbits using the leukocytic pyrogen (LP) assay and by its mitogenic activity towards thymocytes in the so-called lymphocyte-activating factor (LAF) assay. Anti-human IL-1 prevents the manifestation of both activities. Filtrates of control strains of S. aureus manifest neither activity. Thus, culture filtrates derived from toxic shock syndrome (TSS)-associated strains cause biphasic fever in rabbits when injected intravenously. The fever lasts several hours. Plasma taken at the peak of the fever and injected into a second set of rabbits produces a brief monophasic fever typical of LP. Further, human monocytes release LP when incubated with TSS filtrates in vitro. The monocyte products also stimulate the proliferation of mouse thymocytes in the presence of phytohemagglutinin in a manner characteristic of LAF. A bacterial filtrate is much less effective without an intermediate incubation with monocytes. The stimulation of monocyte IL-1 production is easily quantified, provides a simple method of assaying the TSS toxin, and since it involves human cells, is directly relevant to the human disease.
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The assay was used to monitor the purification of TSS toxin. Only 0.1 ng/ml of the purified material is required to induce monocyte IL-1 production. It is thus more Introduction Toxic shock syndrome (TSS)' (1) has been attributed to certain strains of Staphylococcus aureus that colonize the vagina or other areas. Some of the signs and symptoms of TSS, which include fever, rash, hypotension, vomiting, and diarrhea, appear to be caused by toxins rather than by a bacteremia. Two candidates have been considered as likely mediators ofthe syndrome, namely pyrogenic exotoxin C (PEC) (2) (3) (4) and Staphylococcal enterotoxin F (5) . These now appear to be identical proteins (6, 7) and the enterotoxin F name has been withdrawn (7) . The capacity to produce PEC is a common property of S. aureus strains recovered from TSS patients, but the exact role of the toxin in human disease has not been established. Hitherto, PEC has been assayed by its ability to cause fever in rabbits (2) (3) (4) , by its ability to induce emesis and diarrhea in monkeys (5) , or by its lethality, but there is no complete animal model for TSS. Thus, there is no way of gauging the human relevance of the animal studies. For this reason and others, we have chosen to assay staphylococcal pyrogens using a human system, namely the production of interleukin-1 (IL-1) by human blood monocytes. IL-1 is a single substance, or a closely-related group of substances, that has been known by different names according to the different assay systems employed (8-1 1). When assayed by the production of fever, it has been known as endogenous pyrogen or leukocytic pyrogen (LP) ( 12) and when assayed by its ability to promote the proliferation of thymocytes, as lymphocyte-activating factor (LAF) (13) . It is synthesized by and released from mononuclear phagocytes following their exposure to endotoxin, bacteria, and various substances that induce in-flammation (14, 15) . Its production continues long after the removal of the inducing agent. Since IL-I production is required for the generation of fever, regardless of the nature of the exogenous pyrogenic stimulator, we anticipated that it might be involved in the fever of TSS, and we now show this to be the case. We demonstrate that TSS-associated bacteria produce material that induces IL-I as measured in both the LP and LAF assays. The LAF assay is much the simpler method of estimating IL-I and is now convenient to use as a routine measure of TSS toxin. Other staphylococcal products also induce IL-I production when present in relatively high concentrations or after prior antigenic exposure. The TSS toxin, however, is so active in stimulating IL-I production that it can be detected even when the interfering compounds have been diluted to ineffective levels.
Methods
Materials. Brain heart infusion (BHI) and Todd-Hewitt (TH) powders were obtained from Difco Laboratories, Inc., Detroit, MI. They were dissolved in pyrogen-free water and autoclaved. Phytohemagglutinin-P (PHA) was from Burroughs Wellcome Co., Research Triangle Park, NC. National reference RE-2 Escherichia coli endotoxin was kindly provided by the Bureau of Biologics, Bethesda, MD. Anti-human IL-I was prepared and assayed as described before (16, 17 ( 18) , the Harrisburg strain which was isolated from a patient with Kawasaki's disease (2) , and four strains, SA-I 1, SA-12, KA-1042-5VW, and SA-1052-8VW which were isolated from the vaginal flora ofnormal women. The strains designated by letters in Table I and strain 1830 were provided by Dr. Steven Schutzer. A-D were from normal women while E and F were from TSS patients. Strain 1830 was isolated from a mixed infection of a wound in a male and produces Staphylococcal enterotoxin F (19) . All bacteria were grown in BHI broth, and for Table I mice and were teased apart in HBSS (15). Cells were filtered through nylon mesh, then washed three times by centrifugation (300 g, 10 min)
in HBSS, and adjusted to 5 X 106/ml of RPMI containing 5% heatinactivated fetal calf serum (Hyclone Laboratory, Logan, UT), 50 JAM mercaptoethanol, 100 U/ml penicillin, 100 Mg/ml streptomycin, and 0.01 M Hepes, pH 7.4. 100 ul portions of this cell suspension were added to each well of a 96-well microtiter plate (Nunc, Roskilde, Denmark) and incubated with PHA (1 ,g/ml) and 100 Ml of the monocyte supernate to be tested, appropriately diluted in RPMI with 5% fetal calf serum. After 48 h at 37°C, every well was pulsed for a further 24 h with 1 MCi of tritiated thymidine (6.7 Ci/mmol; New England Nuclear, Boston, MA). DNA was collected on glass fiber filter paper using a "MASH" cell harvester (Microbiological Associates, Walkersville, MD) and counted by liquid scintillation.
Results
Demonstration of a circulating endogenous pyrogen in rabbits.
When the culture supernatant of a TSS-associated strain of S. aureus (Fri-1 169) was injected intravenously, individual rabbits responded with a biphasic febrile response that is typical of many exogenous pyrogens ( Fig. 1 A) . The temperature was elevated by 0.5-0.8°C at 1.5 h after injection, then fell before increasing to a major fever peak (1.2-1.7°C) around 4 to 5 h postinjection. Other TSS-associated strains (Mn-587, 1830, Harrisburg, E and F) produced similar patterns of temperature elevation (not shown). However, the supernatant of a non-TSS strain (SA-11) did not induce a significant febrile response at any time after injection. Plasma obtained 1.5 h after the injection of Fri-1 169 culture filtrates was not pyrogenic when injected into other rabbits. However, plasma collected after 3 h produced small fevers in recipient rabbits while plasma collected after 5 h elevated the -------A series of controls, run in parallel, is shown in Fig. 4 (Fig. 4 B) . In the case ofthe Fri-l 169 strain, the response ofthe human was still significant when the filtrate was present with the mono-)yrogens (22) . cytes at only 0.01% (vol/vol). During the LAF assay, there is a small carry-over ofbacterial products from the monocyte incubation to the thymocyte culture. To control against direct effects ofbacterial products upon the thymocytes, we set up incubations using bacterial filtrates that had been appropriately diluted into monocyte medium but had not been incubated with monocytes. The thymocyte cultures did display a limited response to the bacterial products themselves at concentrations of 1% (Fig. 4 B) . The same level of response persisted when IL-1 in the monocyte supernates was neutralized with an anti-human IL-1 serum. In both of these cases, it is most likely that the thymocytes were responding to murine IL-1 synthesized by a few macrophages present in the thymocyte preparations. Murine IL-1 is not neutralized by antihuman IL-1. In support ofthis explanation, we showed separately that the Fri-l 169 filtrate does indeed induce mouse macrophages to release LAF; this effect was maximal with about 0.2% filtrate while higher concentrations diminished the response (Fig. 5) . The diminution may be related to our observation that high concentrations ofTSS filtrates caused the macrophages to assume peculiar morphologies and to detach from the plastic surfaces ofthe culture dishes. On occasion, there was a similar inhibition NON Fig. 6 . Table I summarizes further information on these and other bacteria, making totals of five positive and eight control strains. The clear conclusion is that there is a tight correlation between TSS association of the bacteria and their ability to stimulate the production of IL-l measured by either fever production or LAF activity. In addition, a wound-associated strain known to produce the toxin was positive in the IL-1 assays. There are a few peculiarities in the relative LP and LAF activities; for example, the filtrates of strains E and F are similar in their LAFproducing abilities but are very different in the fever assay. Such peculiarities suggest complexities worthy of further study. We have found throughout that the Harrisburg strain is a relatively poor producer of the TSS toxin although it has been much used as a source of PEC.
Purified TSS toxin. We have begun to optimize the production and purification of TSS toxin by Fri-l 169 bacteria by using the LAF assay as our measure. A time course of toxin production is shown in Fig. 7 . Production was complete by the stationary phase and the formed toxin seemed to be stable in the culture medium during the declining phase of growth. It is convenient to use 18-24 h incubations. Both BHI and TH media are satisfactory.
Our purification procedure involves precipitation with ammonium sulfate and column chromatography on ion exchange, gel filtration, and dyematrix affinity media. At each stage, active fractions were identified by incubation with monocytes and were then pooled. Full details will be published elsewhere (Ikejima, T., C. A. Dinarello, and D. M. Gill, manuscript in preparation). As shown in Fig. 8 Significant IL-I production was observed with as little as 0.1 ng/ml of the purified material (Fig. 8A) . As with the crude material, the purified toxin had much less effect if it was not incubated with monocytes, and as before, this apparent direct effect upon the thymocytes may be due to the stimulation of mouse macrophages among the thymocytes. by: (a) measuring the production of LP by human mononuclear cells incubated with filtrates, and (b) by measuring the production of LAF from both adherent human monocytes and murine peritoneal macrophages incubated with filtrates. Anti-human IL-1 was used to confirm that the material produced by the monocytes was in fact IL-1. To our knowledge, this is the first demonstration that human IL-I is induced by material derived from TSS-associated S. aureus. Hitherto, lethality for monkeys and rabbits and pyrogenicity for rabbits have been the measures of the biological activity of TSS bacterial products. Obviously, these are not the most relevant assays. In particular, they may fail to reveal any unique sensitivity of human cells for the toxin, which seems a reasonable possibility given the marked febrile and inflammatory nature of the disease.
The demonstration of IL-I production may be important in explaining the pathogenesis of TSS. IL-I is presently considered to be either a single polypeptide or a family of closelyrelated polypeptides which mediates several components of the acute-phase response to infectious, inflammatory, and immunological diseases (10-12, 14, 15) . IL-I was originally identified as endogenous or leukocytic pyrogen but the properties of LP have recently been found to be indistinguishable from those of leukocytic endogenous mediator and LAF. Thus, it is now probable that a variety of activities of stimulated phagocytes are all properties of the same molecule or of a set of closely related molecules. Among these activities are the modulation of lymphokine production and lymphocytic reactivity attributed to LAF, and neutrophilia, hypo-ferremia, and acute phase protein synthesis, which are attributed to leukocytic endogenous mediator (15). Thus, the formation and effects of IL-I may explain much of the pathogenesis of TSS. Moreover, it seems that ILl's actions on various cells may all be mediated by an increase in arachidonic acid. Such an increase is followed by increases in the amounts of prostaglandins and leukotrienes (24) , both highly active substances that are likely to contribute to other aspects ofthe syndrome, such as diarrhea and hypotension (25) .
The potency of the toxin may contribute further to our understanding of the pathogenesis of TSS. The pyrogen appears to be a protein and may be related, if not identical, to the toxin described by others (2-7). The material which we have purified is effective at as little as 0.1 ng/ml and represents most of the activity in the crude filtrate. It is thus more potent than endotoxin.
In our initial experiment, we found that unused bacterial growth medium induced a small but real IL-I production that was sensitive to polymyxin B and was therefore most probably due to contaminating endotoxin. Such contamination was not surprising since endotoxins are ubiquitous and are not readily destroyed by autoclaving (26) . In subsequent experiments, we included in the monocyte medium polymyxin B, a cationic antibiotic which prevents endotoxins from inducing IL-I both in vivo and in vitro (23, 27) . Since polymyxin B did not affect the ability of the culture filtrates from TSS strains to induce IL-1, it is clear that the biological activity ofTSS-derived material Filtrates from TSS-strains induced biphasic fevers in rabbits similar to those induced by some other exogenous pyrogens (22) . The major fever that occurred after several hours was prolonged and endogenous pyrogen was shown to be present at its peak. In addition, there was an earlier febrile peak, 1.5-2 h after toxin injection, that was apparently not associated with circulating endogenous pyrogen and may represent a direct effect ofthe toxin on the thermoregulatory center. Since a plasma taken after 1.5-2 h produced no febrile response in recipient rabbits, it seems likely that the injected toxin had already been cleared from the circulation. Other exogenous pyrogens are also rapidly cleared following intravenous injection. They can be found then in the cells of the reticuloendothelial system (22), which is not surprising since these are major sources of IL-1.
Daily injections of culture filtrates from TSS strain Fri-l 169 induced pyrogenic tolerance, although the recipient rabbits remained responsive to human IL-1. Such pyrogenic tolerance has been observed with other exogenous pyrogens (22) .
Finally, certain aspects of the LAF assay merit attention. High concentrations of the bacterial filtrate had some effect when they were added directly to the LAF assay system. We considered whether this response could represent a direct effect of the toxin upon thymocytes, as others have suggested (3, 30) . This may indeed occur but the major effect seems more likely to be due to the induction of murine IL-I from a few macrophages that contaminate the thymocyte preparation. Lower concentrations ofthe bacterial filtrates induce human monocytes to produce IL-1 but have no effect when carried over into the thymocyte culture. The bona fide human IL-I then produced is completely neutralized by anti-human IL-1. (31) (32) (33) (34) (35) (36) . For example, individual rabbits vary considerably in their responses; other staphylococcal products (peptidoglycan and teichoic acids) cause fever in rabbits, and rabbits may develop pyrogenic tolerance to these staphylococcal products. One is limited in the number ofsamples that can be assayed at one time. The LAF assay of IL-1, in contrast, allows us to test many samples of TSS-derived materials at once, to assay and purified materials by SDS-polyacrylamide gel electrophoresis. The band marked BSA in the purified toxin track is a trace of the bovine serum albumin that we had added as a protective agent during the later stages of toxin purification. It has no LAF-inducing activity. them in a quantitative manner, to compare them directly with other toxins and activators of IL-I production, and in the future, to determine the effects of drugs and antibodies on the monocyte response.
